Histological changes in the stunned myocardium are believed to be minimal. This study examined whether cytoskeletal structures of microtubules are disrupted in the stunned myocardium. In 38 dogs, the left anterior descending coronary artery was occluded for 15 minutes and reperfused to produce the stunned myocardium. Microtubules were stained immunohistochemically. In intact myocardium, microtubules appeared as a filamentous network throughout the cytoplasm and encircled the nucleus. This pattern was not affected by 15 minutes of ischemia. One hour of reperfusion, however, disrupted microtubular structure substantially (disruption score in the endocardium, 53.4±6.09%1) although actin filaments remained intact. Microtubular structures were reconstituted 1-3 days after reperfusion, showing supernormal immunoreactivity. Five days after reperfusion, the pattern of microtubular staining was normal. In another protocol, the role of Ca2' during reperfusion in microtubular disruption was examined. When intracoronary infusion of EDTA (1.67 &mol/kg body wt per minute) was performed during the initial 10 minutes of reperfusion, myocardial stunning was attenuated. The fractional shortening in the perfused area after 1 hour of reperfusion was 20.1+1.2% versus 11.5±0.5% in the control condition (p<0.05), and the microtubular disruption score was lower (12.6±1.4%). Although intracoronary infusion of calcium chloride (9 ,umol/kg body wt per minute) for 10 minutes in nonischemic hearts increased contractile function (fractional shortening, 25.3+2.0%o), it severely disrupted microtubular networks (microtubular disruption score, 64.0±10.6%). We conclude that microtubules supporting the structural integrity of myofibrils and other organelles are reversibly disrupted by reperfusion after brief ischemia probably through calcium overload. (Circulation Research 1993;72:361-375) KEY WoRDs * cytoskeleton * tubulin * fractional shortening * immunohistochemical staining calcium overload T he pathophysiology of postischemic ventricular dysfunction, i.e., myocardial stunning, has been studied extensively, and a variety of biochemical abnormalities have been reported to explain the sustained, but reversible, myocardial contractile dysfunction that occurs after reperfusion. Generation of oxygenderived free radicals 1-3 excitation-contraction uncoupling due to dysfunction of the sarcoplasmic reticulum,4 Ca`overload,5-1" insufficient energy production in mitochondria,'2-16 impaired energy use by myofibrils,'7 and decreased sensitivity of myofilaments to calcium5 have all been proposed as possible mechanisms.
T he pathophysiology of postischemic ventricular dysfunction, i.e., myocardial stunning, has been studied extensively, and a variety of biochemical abnormalities have been reported to explain the sustained, but reversible, myocardial contractile dysfunction that occurs after reperfusion. Generation of oxygenderived free radicals [1] [2] [3] excitation-contraction uncoupling due to dysfunction of the sarcoplasmic reticulum,4 Ca`overload,5-1" insufficient energy production in mitochondria,'2-16 impaired energy use by myofibrils,'7 and decreased sensitivity of myofilaments to calcium5 have all been proposed as possible mechanisms.
In contrast to these metabolic abnormalities, histological changes have received less attention, probably because microscopic histological examination has not identified physical changes in the stunned myocardium.
elles.'920 The structural integrity of the microtubules that support the cytoskeletal framework of the cell also are regulated by intracellular Ca2' and/or Ca2+-calmodulin-dependent protein kinase.2322 In cultured cells, intracellular injections of Ca2' and treatment with calcium ionophore have been shown to disrupt the cytoskeletal structures of microtubules. [23] [24] [25] In view of these findings, we hypothesized that microtubular structures are reversibly injured in the stunned myocardium through transient Ca 2 overload during reperfusion. The present study examined microtubular structures in postischemic but viable myocardium produced by 15 minutes of coronary artery occlusion and subsequent reperfusion. Microtubular structure was examined using immunohistochemical techniques. 26 In particular, we attempted to establish whether disruption of microtubular structure occurs and whether this cytoskeletal change is reversible. Furthermore, we tested the hypothesis that Ca'+ overload during reperfusion is the immediate cause of microtubular disruption in the reperfused myocardium after brief ischemia.
Materials and Methods Disruption of Microtubules in Stunned Myocardium (Protocol 1)
To test whether the microtubular structure is disrupted in the stunned myocardium, myocardial stunning was produced in canine hearts. Eighteen adult mongrel dogs weighing from 11 to 18 kg were anesthetized with pentobarbital sodium (30 mg/kg i.v.). Additional doses of pentobarbital sodium (0.5-1.5 mg/kg i.v.) were administered as necessary. The trachea was intubated, and each dog was ventilated with room air mixed with oxygen (1-4 1/min) to maintain the arterial oxygen tension and pH within the normal range (P02, 100-180 mm Hg; pH, 7.35-7.45). The chest was opened through the left fifth intercostal space, and the heart was suspended in a pericardial cradle. The left anterior descending coronary artery (LAD) was dissected free at a site proximal to the origin of the major diagonal branch. The LAD was cannulated with a stainless-steel cannula (16 gauge) and perfused by blood from the left carotid artery through an extracorporeal bypass tube. Coronary perfusion pressure was monitored at the tip of the coronary arterial cannula, and coronary blood flow to the perfused area was measured by an electromagnetic flow probe (model FF-OSOT, Nihon Kohden, Tokyo) attached to the bypass tube. Left ventricular pressure was measured by a high-fidelity micromanometer (model P-7, Konigsberg Instruments, Inc., Pasadena, Calif.) placed in the left ventricular cavity through the apex of the heart. A pair of ultrasonic crystals were placed in the inner third of the myocardium, approximately 1 cm apart, to measure myocardial segment length with an ultrasonic dimension gauge (5 MHz, Schuessler, Cardiff by the Sea, Calif.). These hemodynamic parameters were recorded on a multichannel recorder (model RM-6000, Nihon Kohden).
After hemodynamic stabilization, coronary arterial blood was sampled for blood gas analysis. Hemodynamic parameters, i.e., left ventricular pressure, dP/dt, and segment length in the perfused area were recorded. Fractional shortening (FS) was calculated as an index of myocardial contractility in the perfused area by the following equation: FS=(EDL-ESL)/EDLx 100%, where EDL is the end-diastolic segment length and ESL is the end-systolic segment length. 27 In six dogs (control group), coronary perfusion through the bypass tube was maintained for 75 minutes, and hemodynamic parameters were measured before intracoronary infusion of a fixative. In five dogs, the bypass tube to the LAD was occluded for 15 minutes, and the area perfused by the LAD was fixed for immunohistochemical staining of the microtubules. In seven other dogs, the bypass tube was occluded for 15 minutes and then released. During the last minute of coronary occlusion, the retrograde coronary perfusion pressure and flow were measured by timed collection for 30 seconds. The coronary retrograde pressure and retrograde flow during ischemia were 22.6±1.9 mm Hg and 3.3±0.8 ml/100 g per minute, which were not significantly different from data from our previous study.9 Two dogs from this group were excluded because ventricular fibrillation occurred during reperfusion. Sixty minutes after the onset of reperfusion, hemodynamic parameters were measured, and dogs in this group, the myocardium perfused by the left circumflex coronary artery (LCx) also was fixed, as a control.
To test whether the changes in microtubular structure in the stunned myocardium are reversible, microtubules were examined 1, 3, and 5 days after reperfusion in 20 dogs. The chest was opened aseptically, and the LAD was dissected free at a site proximal to the bifurcation of the major diagonal branch, ligated for 15 minutes, and reperfused. After closure of the chest, the dogs were given 0.5 mg cefalotin sodium and recovered from anesthesia. Five dogs in this group were excluded because they died suddenly during the recovery period. One, 3, and 5 days after reperfusion (five dogs each), the dogs were reanesthetized and ventilated with room air mixed with oxygen. The chest was opened, and hemodynamic parameters and coronary blood flow were measured by the same techniques as performed initially. The LAD area was fixed as described below. In two of five dogs killed at 1, 3, and 5 days after reperfusion each, the myocardium in the distribution of the LCx was fixed, as a control.
Effects of Reperfusion With EDTA on Microtubular Structure During Myocardial Stunning (Protocol 2)
To examine whether cellular Ca2+ overload during reperfusion is responsible for the changes in microtubular structure observed in the stunned myocardium, blood with low calcium concentration is used for reperfusion in five dogs. In addition to the previously described instrumentation for measuring hemodynamic parameters, a collecting tube (1 mm Morphometric analysis of microtubules. Photomicrographs (x 400) of randomly selected areas were prepared (20-40 pairs of photographs for each tissue sample), and areas where the microtubular staining was poor or absent were quantified by morphometric analysis, according to the modified method reported by Weibel28 and Underwood.29 Ten blocks per animal were sectioned and were photographed. Transverse sections were excluded from the quantitative analysis in this study. Photographs were enlarged to 18.0x 12.0 cm, and a point grid (1-cm interval) on a transparent sheet was placed over each photograph. A point surrounded by a normal latticelike microtubular structure was considered a "normal area," and a point over an area where the normal filamentous structure of microtubule was lost was considered a "disrupted area." Any point over a nucleus or an intercellular space was excluded from the quantitative analysis. The microtubular disruption score was defined as the number of disrupted areas per total number (normal areas and disrupted areas) times 100% in each sample. The mean percentage also was calculated for the epicardial and endocardial layers.
Chemical Analysis
The coronary arterial and venous blood oxygen difference (AVO2D) was defined as the difference between the coronary arterial and venous oxygen contents. Myocardial oxygen consumption (MVo2, ml/100 g per minute) was calculated as coronary blood flow (ml/100 g per minute)xAVO2D (ml/dl). Lactate endocardial layer), indicating that an intact microtubustained when the antitubulin antibody was deleted from lar network pervades almost the entire cytoplasmic the immunostaining procedure. space in the intact myocardium. These filamentous Microtubules in ischemic and stunned myocardium. No structures were specifically microtubules; they were not change in microtubular structure was observed in the myocardium subjected to 15 minutes of ischemia, and the latticelike structures were well preserved ( Figure  2b ). The microtubular disruption score ranged from 2% to 12% in the epicardial layer and from 3% to 12% in the endocardial layer. The mean scores were not different from those of control hearts, either in the epicardium or endocardium (Table 1) .
One hour after reperfusion following 15 minutes of ischemia, the FS in the LAD area recovered to 11.5±0.5%, but the value was lower than the preischemic control value (23.8+1.2%). In the stunned myocardium, loss of microtubular staining and fragmentation of the microtubules into small sections (Figures 2c  and 2e ) was observed heterogeneously both in the epicardial and endocardial layers. Actin filaments labeled with rhodamine-phalloidin showed fine cross striations of the sarcomeres, even in cells with microtubular disruption (Figure 2d) (Figure 2e ). It also should be noted that the pattern of microtubular staining observed in the stunned myocardium was different from that seen in ischemic myocardium in our previous study. 26 In that study, after 20 minutes of ischemia, small patchy lesions involving several myocytes were seen in which the immunoreactivity of the microtubules was decreased in both density and intensity. These lesions clearly were distinct from normally stained areas. However, fragmentation of the microtubules was not observed (Figures 3-6 in Reference 26). These observations suggest that the mechanism underlying microtubular disruption in the stunned myocardium is different from that of irreversibly injured myocardium.
One day after reperfusion, FS of the LAD area was still depressed compared with the control hearts (Table   1 ). However, the microtubular structure was different from both control hearts and hearts reperfused for 1 hour. Loss of microtubular staining was rare, and both the intensity and density of the microtubular staining were increased compared with control hearts and the LCx area (Figure 2f ). These changes were more prominent in the longitudinal filaments than in the transverse filaments. A stippled pattern was observed in the cytoplasm in hearts reperfused for 1 hour, but the number of spots was decreased. These findings indicate that the microtubular disruption more or less was repaired within 24 hours and preceded the recovery of contractile function. FS was normal at 3 and 5 days after reperfusion ( Table 1) . The microtubular structure appeared thick and rigid 3 days after reperfusion, and the density of filaments was greater than in control hearts (Figure 2g ). Five days after reperfusion, however, the latticelike microtubular structures again appeared normal (Figure 2h ). Effects of Reperfusion With EDTA (Protocol 2) Table 2 shows the changes in hemodynamic and metabolic parameters in protocol 2. During reperfusion with EDTA for 10 minutes after 15 minutes coronary artery occlusion, FS and MVo2 decreased markedly and were associated with a significant decrease in the calcium concentration in the perfused blood (calcium, 4.5 +0.5 mg/dl in the coronary vein at 10 minutes after reperfusion versus 8.1+0.2 mg/dl in the control vein). One hour after reperfusion, however, FS had returned to normal (20.1+1.2%) and was significantly higher than in stunned myocardium in protocol 1 (11.5±0.5%, p<0.05). Thus, reperfusion with EDTA attenuates myocardial stunning, probably because of low calcium reperfusion. Microtubular immunoreactivity in the EDTA-reperfused myocardium was well preserved (Figure 3 ). The microtubular disruption score was 11.4+2.3% in the epicardium and 12.6+1.4% in the endocardium; both were significantly (p<0.01 andp<0.005, respectively) lower than in stunned myocardium in protocol 1. These results indicate that low calcium reperfusion after 15 minutes of coronary artery occlusion attenuates disruption of microtubules.
Effects of Intracoronary Infusion of CaCl2 (Protocol 3) Table 3 shows the changes in hemodynamic and metabolic parameters in protocol 3. Intracoronary infusion of CaCI2, which increased the calcium concentration in the perfused blood from 8.1+0.2 to 32.0+5.1 mg/dl, significantly augmented FS and MVo2. Hemodynamic and metabolic parameters returned to normal 60 minutes after the end of CaCl2 administration. In contrast to reperfusion with EDTA, microtubular immunoreactivity was markedly lower (Figure 4, top panel) . The microtubular disruption score ranged from 30.4% to 86.1% (average, 58.8±+ 11.2%) in the epicardial layer and from 36.3% to 92.5% in the endocardial layer (average, 64.0+10.6%; p<0.05 versus epicardium). Actin filaments stained with rhodamine-phalloidin showed normal alignment of the cross striations both in the epicardial and endocardial layers ( Figure  4 , bottom panel). These results indicate that microtubular structure is markedly disrupted by an increase in the calcium concentration but that disruption of microtubules does not directly affect contractile function. Taking the results of protocols 2 and 3 together, Ca 2+ influx during reperfusion appears to be primarily responsible for microtubular disruption in the stunned myocardium.
Discussion
The present study shows that microtubular structures are markedly disrupted in the stunned myocardium but recover within 1 day after reperfusion. Attenuation of the microtubular disruption by EDTA infusion during reperfusion and Ca2+-induced disruption of microtubular structures in the nonischemic myocardium strongly suggest that the microtubular abnormality in the stunned myocardium is attributable to an increase in Ca21 influx during reperfusion.
Although recovery of anatomic structure precedes the recovery of contractile function, microtubular disruption may not be a contributory cause of stunning, since hypercalcemic perfusion showed that microtubular disruption occurred without any detrimental effect on contractile function.
Disruption of Microtubules in the Stunned Myocardium
In the previous and present studies, microtubular immunoreactivity was preserved during 15 minutes of ischemia.26 After 1 hour of reperfusion, however, the network structure of microtubules was disrupted profoundly, being either lost completely or fragmented into filamentous debris. Therefore, microtubular disruption is not induced by ischemia less than 15 minutes per se but by the changes attendant upon reperfusion.
Before we conclude that microtubules are disrupted in the stunned myocardium, we must exclude the possibility that these observations are artifacts. The immunohistochemical technique used in this study was developed recently in our laboratory for in vivo studies.2634 The characteristic pattern observed, i.e., the perinuclear "basketlike" network, and the cytoplasmic reticular network were almost identical to those seen in our previous study.26 These structures are unlikely to be staining artifacts or to be due to cross-reactivity with other subcellular structures, because tubulin- in the stunned myocardium is caused by either prolonged ischemia due to postischemic microcirculatory disturbances35-37 or nonhomogenous perfusion of the fixative in the myocardium. Our earlier study excluded the latter, demonstrating minimal perfusion defects of the perfused area after intracoronary infusion of india ink after 60 minutes of reperfusion following 15 minutes of ischemia. To exclude the former possibility, we preliminarily studied changes in microtubular staining after the intracoronary injection of 15-,um microspheres (5.Ox104 microspheres/ml coronary blood flow) to mimic postischemic microcirculatory obstructions.3238 The microsphere embolization caused clearly bordered patchy lesions in which microtubular staining was lost completely. The nature of the abnormal staining of the microtubule in stunned myocardium observed in the present study was clearly different; disruption and/or loss of immunoreactive stain was heterogenous. Thus, microtubular disruption does not appear to be due to prolonged ischemia resulting from microcirculatory disturbances. In the present study, tissue samples were immersed in PLP fixative after the procedure of perfusion fixation to minimize the effect of any perfusion defect of the fixative. Thus, the abnormalities in microtubular structure in the stunned myocardium are unlikely to be due either to prolonged ischemia or inadequate fixation.
Mechanisms of Microtubular Disruption in Myocardial Stunning
We observed that the morphology of microtubular injury in stunned myocardium is different from that observed in irreversibly damaged ischemic myocardium. In the nonreperfused ischemic myocardium, microtubular immunoreactivity is lost completely in patchy lesions, and the cross striation of actin filaments exhibits marked degeneration,26 whereas in the stunned myocardium, the loss of microtubular staining and fragmentation of the microtubule are heterogeneous, even within a single cell. Similar microtubular fragmentation was observed in canine hearts treated with colchicine, which inhibits polymerization of tubulin molecules to the microtubule; the microtubular filaments fragmented fine, regular, short fragments and show decreased staining density.26 In the stunned myocardium, perinuclear microtubules disappeared completely in many myocytes, even when cytoplasmic microtubular structures were preserved (Figure 2e ). It is known that depolymerization of microtubules occurs from the minus terminal of the microtubular filament, which often is located close to the microtubular organizing center. [39] [40] [41] This suggests that the disruption of microtubules around the nucleus is due to depolymerization, since microtubular organizing centers usually are located in the perinuclear region.39-41 Therefore, the mechanism of microtubular disruption in the stunned myocardium appears different from that occurring during irreversible ischemic injury.
Three factors need to be considered in establishing the mechanism of microtubular disruption. First of all, we already have demonstrated that a low calcium reperfusion ameliorates both contractile dysfunction and disruption of microtubular structures. In contrast, intracoronary infusion of CaCl2 causes marked disruption of microtubular structures, even without ischemia. Previous studies have demonstrated that intracellular Ca' overload during reperfusion plays an important role in contractile dysfunction in stunned myocardium.5-1Cal-cium entry blockers have been shown to be capable of enhancing the contractile function of the stunned myocardium.42 45 Thus, the present study strongly suggests that increased Ca' influx during reperfusion is a major etiologic factor in microtubular injury in the stunned myocardium. Indeed, several lines of evidence suggest that an increase in the intracellular Ca2+ concentration disrupts microtubules; Ca21-induced disruption of microtubules was observed in monkey kidney cells and Third, we need to consider the possibility that mechanical stress may disrupt microtubules, since the magnitude of microtubular disruption has been shown to be a function of the contraction rate in cultured neonatal rat cardiomyocytes.53 Indeed, FS was attenuated during EDTA infusion (Table 2) and was augmented during CaCl2 infusion (Table 3) , and these changes in contractile function seem likely paralleled the degree of microtubular disruption. Although, it does not seem likely that mechanical stress in the physiological range could disrupt the cytoskeletal structure, we were not able to exclude this possibility in the present study. 
